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MINERVA Overview

+ MINERVA is a high resolution neutrino
detector that sits in the NuMI beam line
just upstream of the MINOS near detector

+ Designed to make precision measurements

of neutrino interaction cross sections for E, ~
1-20GeV




MINERVA Motivation

+ Measuring neutrino interaction cross sections facilitates high

precision neutrino oscillation measurements:
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This morning we’ve
seen many
comparisons of data
to predictions given
various oscillation
scenarios

These predictions
require a model of
neutrino interactions
in matter




MINERVA Motivation

+ The predictions you’ve seen this morning use models which do not
accurately reflect cross section data

Adapted from PRD 81, 092005 (2010) by P. Rodri
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MINERVA Overview

Recent uncertainties on signal predictions
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+ LBNE’s goal is 1% for total systematic
uncertainty on signal prediction

+ Sensitivity to CP violation is strongly
impacted by uncertainty on signal (and
background) predictions
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MINERVA Overview

M. Bass Nulnt 2014

CP Violation Sensitivity
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MINERVA Overview

<+ We need better models and
high precision data to
constrain these models

+ The MINERVA detector was
designed to provide such data

+ High precision cross section
measurements in the region
of interest to oscillation
experiments (~1-10 GeV)

+ Detailed descriptions of
final state particles



MINERVA Overview

MINERVA’s strong suit: provides extensive information about a major
source of uncertainty — extension of models from interactions on free
nucleons (relatively well understood) to interactions on heavy nuclei:

Impact of nucleus on neutrino interaction
Pauli blocking

multi-nucleon bound states

Fermi momentum

Impact of nucleus on final
state kinematics
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MINERVA Detector

= Finely segmented detector: ~32k triangular strips of plastic scintillator
— Active tracker is made completely of scintillator
— Calorimeters are scintillator + Iron or Lead
= Upstream targets composed of Iron, Lead, Carbon, Water and Helium
= Magnetized MINOS Near Detector serves as muon spectrometer
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Accumulated Data
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Accumulated Data
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+ ME data is the best monitored data MINERVA has ever taken
(nearly immediate matching with MINOS and beam for high
statistics monitoring of through-going muons)

+ Experience with LE indicates this sample will be very useful,
particularly for statistics limited analyses

Have now
accumulated
2.2e20 POT
in a higher energy
beam, starting
Sept 2013

More than half of LE
POT already!
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Recent Operations Milestones
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Contributed to
installation of 4th
NuMI muon monitor

Achieved 97% lifetime
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Recent Operations Milestones

§1ZZ«=
In addition to these many operational
milestones, MINERVA also produced many,
g many new public results. The remainder
of this talk discusses those results
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Results — Overview

All of MINERVA's recent results describe charged current interactions:

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012)
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Charged current interactions are the signal and majority of
backgrounds in oscillation measurements arise from
charged current interactions

Measurements

concentrate on the ~1-10
GeV energy range of

interest to long baseline
oscillation experiments
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Results — Overview

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012)
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Results — Overview

Results I'll be discussing today:

Two analyses that

study quasi-elastic Two analyses that
scattering (one probe pion production
minimally sensitive to  (again, one sensitive to
FSI and one that FSI and one not)
directly probes FSI)

Quasi-elastic ¢ Scattering Resonant
Pion
Production

One analysis that
looks at all three
modes together across
different nuclei

Deep
Inelastic
Scattering

—



Results: Overview

But first: an important ingredient in all of these results:

Unfolding  Events Background
Matrix Observed Estimate

Voo v
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O
Flux/

= Number of neutrinos in
beam as a function of energy

1%



Results: Flux

-

. Absorber
Decay Pipe
Horns

Muon Monitors

v

Tarlget / \
-ﬁﬁl 1
< 71.—;% >
~lom 30Mm - ~ Hadron > Rock 1‘2—; 18 m
\ 675 m Monitor ﬁaure COUI'tESVﬂ
= 016x103|
(@]
a
> 0.14
3
‘e 0.12
@
g 0.10
<+ Flux estimate starts with a Geant4- 3 oos
based simulation of the NuMI beam 0.06
line 0.04
0.02

MINERVA

Neutrino Flux

L e T

—— Medium Energy

—— Low Energy

MINERVA Preliminary.

10 12 14
Energy (GeV)

18

4 6 8



Results: Flux

NuMI Low Energy Beam, Right Sign
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+ Geant4 model constrained by NA49 and
MIPP (pi/k ratio only); current flux has
~10% uncertainties in focusing peak

+ Currently working to incorporate MIPP’s
latest hadron yield results
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Ilux: v - e Scattering

+ We are also pursuing several in situ flux constraints:

MINERvVA Data
+ Neutrino scattering on electronsis Y b ol
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Flux: L.ow v

+ We are also pursuing several in situ flux constraints:

= Charged-current scattering with

lower hadronic recoil energy (v) is

another standard candle

+ Gives a good measurement of flux

shape; normalization tied to
external measurements at high

energy

+ No results yet, but preliminary

estimates of systematic uncertainty

are promising

- =

A(l +

By C

AE"AzEZ)

Fractional Uncertainty

Fractional Uncertainty

Projected Systematic Uncertainties for Low- v Flux Measurement

o
N

o
a
\o}

o
a

o
o
®

o
o
)

MINERvA Preliminary

Combined systematic uncertainty

Muon energy scale

Hadron energy scale

Hadronic interaction model (INCOMPLETE)
Cross section model v

Normalization (external % (9-12 GeV))

o
o
=

o
o
N

I\|H‘\I\‘IH|\II‘II\|III\I

Il‘lllllll

l‘IJIllIlI|IIJI T R Y T Y

I\)C)

wl

4 5 6 7 8 _ 9_ 10 11 1
Reconstructed Neutrino Energy (GeV)

12

Sensitivity of Low-v Flux Measurement

o
Y

0.09
0.08

MINERvA Preliminary

0.07
0.06
0.05
0.04
0.03
0.02
0.01

1T |HII‘HH|IIII‘HH’I II‘IHI‘

!

IIII‘IHI‘

]

Combined systematic uncertainty

——— Statistical uncertainty (1E20 POT)

Illl]llllll\lll

II]|IIIIllIlJ|]III|II\I|JII]|IIII

02‘

3 4 5

Reconstructed Neutrino Energy (GeV)

6 7 8 9 10

12
4l



Flux: Special Runs

+ We are also pursuing several in situ flux constraints:

+ Can also utilize “special runs” data taken
with various target positions and horn
currents

+ Disentangles focusing uncertainties from
hadron production uncertainties
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Results: Overview

Let’'s now turn to cross section measurements that use our
current flux prediction (based on GEANT4, NA49 + MIPP
pi/k ratio), which leads to ~10% normalization uncertainties

Unfolding Events Background
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Strip Number

120+

Results: Quasi-Elastic Scattering
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Results: Quasi-Elastic Scattering

MINERVA ¢ Vv Tracker — CCQE
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+ Our first Quasi-elastic analysis
reconstructs only the muon

+ Relatively insensitive to final state

interactions (which enter only in
background estimate)

MINERvVA ¢« v Tracker — CCQE

Disagreement with conventional model seen
in total cross section, shape of cross section
and amount of activity near the vertex

Mismatch of vertex energy indicates models
underestimate energy of hadronic systems,
which will cause biases in neutrino energy
reconstruction in oscillation measurements.

100

Vs S S S LSS S S S S S S S S S S S S S S S S S S S S S S S S S S T
O 4 L LA L LA i e VOIS

% 300+ Area normalized
— | —— MC with syst. error
~ '

P Background

= I

S 200k ¢ Data

> i

L

0 100 200 300 400

Vertex Energy (MeV)

Phys. Rev. Lett. 111, 022502 (2013)



Results: Quasi-Elastic Scattering

v, Tracker — u" p * MINERVA Preliminary

22 v D + Newest quasi-elastic measurement
B —— GENIE RFG —— NuWro RFG
20 NuWro LFG -~ NuWro RFG+TEM reconstructs kinematic quan’utles using
18__ === NuWro + +Nieves
- NuWro LFG+RPA+N the proton rather the muon

1.61

+ Very sensitive to final state interactions

Ratio to GENIE

+ First MINERVA charged-current analysis
that uses non MINOS-matched tracks
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0 05 ] 15 2
2 2
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See T. Walton Wine & Cheese, 9 May 2014

+ In proton kinematic variables, see relatively good agreement with conventional
model of QF scattering

+ Models that describe the muon do not necessarily get the proton (and it’s final state

interactions right) — we need a model that gets everything right
26



Strip Number

Results: Resonant Pion Production

MINERvVA Data
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Results: Resonant Pion Production
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+ MINERVA has measured differential
cross sections with respect to the
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Results: Resonant Pion Production

. v, Tracker — u 1* X (W< 1.4 GeV
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+ Paper with these results is in
preparation now
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Strip Number

Results: Coherent Pion Production

MINERvVA Data
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Results: Coherent Pion Production

+ Some coherent pion history:
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Results: Coherent Pion Production
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Results: Coherent Pion Production

Cross sections obtained with a cuton It!:
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publication this year
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Results: Inclusive larget Ratios
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Results: Inclusive larget Ratios

do® , do®H
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Reconstructed Bjorken x
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+ Inclusive charged current cross
section ratios of a dimensionless
scaling variable called “x”

+ X corresponds to the fraction of the
initial nucleon’s momentum that is
carried by the struck quark

+ Large normalization uncertainties
cancel in ratios

2

2Mv

T = high x = more elastic

v=~F,—FE,

Q2 =2FE, (E,, — pucos (0,))

Published last week! Phys. Rev. Lett. 112, 231801 35



Results: Inclusive larget Ratios

+ The accepted model of nuclear
Carbon effects is wrong

dGCH

d()‘c

+ And it is increasingly wrong in
heavier nuclei

+ Important for oscillation
Iron experiments: nuclear
modifications for heavy
elements (e.g. Argon) need work

dGCH

dGFe

+ And not just important for
oscillation experiments

dGCH

+ This is physics we don't
understand

Lead

dGPb

0.0 02 04 06 08 10 12 14

Reconstructed Bjorken x Published last week! Phys. Rev. Lett. 112, 231801 36



Future Plans
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Future Plans
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Conclusion

+ MINERVA has become a prolific source of neutrino scattering data
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+ QOur data is illuminating locations where model development is needed

+ These precision measurements will provide many of the powerful constraints
needed to meet the systematics goals of precision oscillation measurements

Thank You!
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Backup
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More Details on LBNE Sensitivities

M. Bass Nulnt 2014
+ Uncertainties on rate only; not shape CP Violation Sensitivity

uncertainties considered 50% dcp Coverage

8
<+ Uncertainties are residual uncorrelated -6, [
uncertainties on nu_e, nu_e_bar, nu_mu, and o« §E
nu_mu bar signal and background channels [_Ef 4l
after combined fit to all four channels © 3
der A -
+ Considering all four channels together 1 unbertainty varied
significantly reduces systematics 0 : : : .
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MIPP/GANuMI Comparisons
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Jonathan Paley FNAL Wine & Cheese, 8 April 2014
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